Abstract-Lithium-ion-based battery energy storage system has started to become the most popular form of energy storage system for its high charge and discharge efficiency and high energy density. This paper proposes a high-efficiency grid-tie lithium-ion-batterybased energy storage system, which consists of a LiFePO 4 -batterybased energy storage and a high-efficiency bidirectional ac-dc converter. The battery management system estimates the state of charge and state of health of each battery cell and applies active charge equalization to balance the charge of all the cells in the pack. The bidirectional ac-dc converter works as the interface between the battery pack and the ac grid. A highly efficient opposed-current half-bridge-type inverter along with an admittance-compensated quasi-proportional resonant controller is adopted to ensure high power quality and precision power flow control. A 1-kW prototype has been designed and implemented to validate the proposed architecture and system performance.
I. INTRODUCTION

W
ITH the increased concerns on environment and cost of energy, more renewable energy sources are integrated into the power grid in the form of distributed generation (DG). California has mandated that 20% of its power come from renewables by 2010 and 33% by 2020. Many other states and countries have similar regulations. The renewable-energysource-based DG systems are normally interfaced to the grid through power electronic converters and energy storage systems. A systematic organization of these DG systems, energy storage systems, and a cluster of loads form a microgrid. The microgrid not only has the inherited advantages of single DG system but also offers more control flexibilities to fulfill system reliability and power quality requirement with proper management and control [1] - [5] .
Rather than using fossil fuel, energy storage such as battery or ultracapacitor systems can be used to provide fast frequency regulation, load following, and ramping services when the DGs are integrated into the power grid [6] - [14] . Recent develop- ments in lithium-ion battery technology show many advantages compared to lead-acid batteries and nickel-metal-hydride batteries, such as high power and energy density, high working cell voltage, low self-discharge rate, and high charge-discharge efficiency [15] - [19] . This paper presents a high-efficiency grid-tie lithium-ion battery energy storage system.
As shown in Fig. 1 , the energy storage system consists of three subsystems, a LiFePO 4 battery pack and associated battery management system (BMS), a bidirectional ac-dc converter, and the central control unit that controls the operation mode and grid interface of the energy storage system. The BMS controller estimates the state of charge (SOC) and state of health (SOH) of each battery cell and applies active charge equalization to balance the charge of all the cells in the pack. The bidirectional ac-dc converter works as the interface between the battery pack and the ac grid, which needs to meet the requirements of bidirectional power flow capability and to ensure high power factor and low total harmonic distortion as well as regulate the dc-side power regulation.
In a lithium-ion battery system, BMS is the key component to ensure all cell voltages being strictly kept in boundaries for safety operation and cycle life. The BMS controller monitors the parameters of each battery cell, such as cell voltage, temperature, and charge and discharge current, and estimates the SOC and SOH of each battery cell in the pack. The SOC information is then used to control the charge-equalization circuits to mitigate the mismatch among the series-connected battery cells. The details of the system configuration and design of the BMS are presented in Section II.
The proposed high-efficiency bidirectional ac-dc converter in the paper adopts opposed current half-bridge inverter architecture [20] . Since it consists of two buck converters and also has features of the conventional half-bridge inverter, it is named as dual-buck half-bridge inverter [21] , [22] . The converter exhibits two distinct merits: first, there is no shoot-through issue because no active power switches are connected in series in each phase leg; second, the reverse recovery dissipation of the power switch is greatly reduced because there is no freewheeling current flowing through the body diode of power switches. It can also support reactive power flow and seamless energy transfer. For the control scheme, the admittance compensator along with a quasi-proportional-resonant (QPR) controller is adopted to allow smooth startup and elimination of the steady-state error over the entire load range. The major issue with this type of converter is the requirement of two separate inductors. However, without shoot-through concern and deadtime requirement, the switching frequency can be pushed higher to reduce the size of the inductor while maintaining low ripple current content. The implemented converter efficiency peaks at 97.8% at 50-kHz switching frequency for both rectifier and inverter modes. The details of the control architecture and circuit implementation are discussed in Section III.
The central control unit communicates with the BMS and bidirectional ac-dc converter. It combines the SOC information and power command coming from the grid side to control the bidirectional power flow between ac grid and dc-battery energy storage. The detail of the control scheme is presented in Section IV.
A 1-kW prototype has been designed and implemented to further validate the proposed architecture and control scheme. Experimental results show that the system with SOC balancing has gained 33% more capacity than the system without SOC balancing when the SOC is maintained between 30% and 70%. The experimental results are detailed in Section V. Fig. 2 shows the configuration of the proposed BMS. It consists of module controllers, which manage up to 12 seriesconnected battery cells, and central controller, which manages the series-connected battery modules, reports cell status, and control the relays to protect the battery pack from overcharging or undercharging conditions. High-voltage isolated controller area network (CAN) bus is used to communicate between the module controllers and central controller.
II. BATTERY MANAGEMENT SYSTEM
A. BMS Configuration
There are two key functions in the designed BMS. First, the BMS monitors the status of all the series-connected lithium-ion battery cells in the system. The parameters being monitored include cell voltage, cell temperature, and charging and discharging current. The voltage measurements are performed by an analog front-end integrated circuit, which is able to select and level shift the voltage across any of the 12 stacked battery cells. All the signals are multiplexed to a differential analog-to-digital converter to convert into digital domain. The voltage, current, and temperature information are then processed by the BMS controller to determine the SOC, SOH, and capacity of each battery cell, and protect all the cells operating in the designed SOC range.
Second, the designed BMS applies active balancing to equalize the cells in the pack. In a lithium-ion battery system, all cell voltages need to be strictly kept in boundaries to ensure safety operation. However, due to production deviations, inhomogeneous aging, and temperature difference within the battery pack, there are SOCs or capacity imbalances between battery cells. Minimize the mismatches across all the cells are important to guarantee the power or energy performance of the pack, as they are limited by the first cell that goes beyond the boundaries. In this system, an inductive-based active cell-balancing approach [19] is used to regulate the amount of charge in and out of each individual cell to balance the mismatches across the cell to maintain the homogeneous status across the battery pack.
B. SOC Estimation
SOC is a measure of the amount of electrochemical energy left in a cell or battery. It is expressed as a percentage of the battery capacity and indicates how much charges (energy) stored in an energy storage element. It has been a long-standing challenge for battery industry to precisely estimate the SOC of lithium-ion batteries. The electrochemical reaction inside batteries is very complicated and hard to model electrically in a reasonably accurate way. So far, the state-of-the-art SOC accuracy for electric vehicle/plug-in hybrid EV (EV/PHEV) applications is in the range of 5%-10% [23] - [25] . voltage (VOC) will be the average of the V charge and V discharge , as shown in Fig. 3(a) . This process will be repeated at different temperatures to generate a set of lookup tables to accommodate different temperature situations, as shown in Fig. 3(b) .
Then, a Coulomb counter is initiated to count how many Coulombs of charge being pumped into or out of the battery cell. The Coulomb counter consists of an accurate battery current sense analog front end as well as a digital signal-processing unit to perform the offset calibration as well as charge integration for Coulomb counting purpose. Coulomb counting provides higher accuracy than most other SOC measurements, since it measures the charge flow in and out of battery cell directly. However, it depends on the accuracy of the current measurement and does not take an account of Columbic efficiency of the battery cell. Therefore, an accurate loss model is desired and necessary. The loss comes from different mechanisms, which includes physical resistance of the cathode, anode, metal materials, the lithiumion diffusion loss, as well as other chemical reaction thermal loss. An accurate model to include all these mechanisms is difficult to establish in reality. 
C. Charge Equalization
Due to inevitable differences in chemical and electrical characteristics from manufacturing, aging, and ambient temperatures, there are SOC or capacity imbalances between battery cells. When these unbalanced batteries are left in use without any control, such as cell equalization, the energy storage capacity decreases severely. Thus, charge equalization for a series-connected battery string is necessary to minimize the mismatches across all the cells and extend the battery life cycle. Charge balancing methods can be classified into two categories: active and passive.
Active cell balancing helps balance the cells in a battery module to maintain the same voltage or SOC by monitoring and injecting appropriate balancing current into individual battery cell based on the balancing scheme. Compared with the traditional passive cell-balancing approach, the active cell balancing offers the advantage of high system efficiency and fast balancing time.
An inductive-based active cell-balancing scheme similar to the design in [19] is applied in this study to perform the cell equalization and mitigate the SOC mismatches among the cells. The unidirectional dc-dc converter is replaced by an isolated bidirectional dc-dc converter. The isolated bidirectional dc-dc converter regulates from the 12-cell battery stack voltage to each individual cell voltage. The average current-mode control is employed such that the average inductor current is regulated to the command current, which is set by the active cell-balancing control algorithm. The voltage measurement circuit senses and converts all cell voltages into digital domain. Depending on the active cell-balancing control algorithm, the battery cells could be balanced by targeting either toward the same SOC or the same cell voltage. The algorithm built into the embedded microcontroller determines how much extra charge each battery cell needs and sends commands to the switch matrix to open the associated switches at certain time and sequence to perform the active cell balancing. Fig. 4 shows the circuit diagram of the proposed dual buckconverter-based bidirectional ac-dc converter. The circuit consists of two power switches a 1 and a 2 , two diodes D 1 and D 2 , two inductors L 1 and L 2 , and two split dc-bus capacitors C 1 and C 2 . The converter works as a rectifier when the power is transferred from ac grid to dc source. Alternately, it works as an inverter when the power is transferred from dc source to ac grid. The voltage across each capacitor C 1 and C 2 should be 
III. BIDIRECTIONAL AC-DC CONVERTER
always larger than the peak ac voltage to ensure the circuit works properly throughout the whole line cycle.
A. Operating Principle
Figs. 5 and 6 show the four suboperating modes under rectifier and inverter modes, respectively. For the rectifier mode with pure active power transferring, there are four suboperating modes depending on the conducting status of a 1 , a 2 , D 1 , and D 2 . In the positive half cycle, leg a 1 and D 1 operates. When a 1 is ON, current i ac is increased because the voltage across inductor L 1 is positive. Capacitor C 1 is discharged, and the energy of both C 1 and C 2 is transferred to the dc sources. When a 1 is OFF and D 1 is ON, current i ac is decreased because the voltage across inductor L 1 is negative. Capacitor C 2 is charged, and the energy of both C 1 and C 2 is transferred to the dc sources. In the negative half cycle, leg a 2 and D 2 operates. When a 2 is ON, current i ac is increased because the voltage across inductor L 2 is positive. Capacitor C 2 is discharged, and the energy of both C 1 and C 2 is transferred to the dc sources. When a 2 is OFF and D 2 is ON, current i ac is decreased because the voltage across the inductor L 2 is negative. Capacitor C 1 is charged, and the energy of both C 1 and C 2 is transferred to the dc sources. Overall, in the positive half cycle, C 1 is always discharged, but C 2 is always charged. However, in the negative half cycle, C 1 is always charged, but C 2 is always discharged. The charge balance is maintained through the entire line cycle. For the inverter-mode pure active power transferring, all the analysis is similar to that of rectifier mode except that the current and voltage are in phase; therefore, the energy is transferred from dc sources to ac grid. Based on the aforementioned analysis, it can be concluded that C 2 is always charged in the positive half cycle and C 1 is always charged in the negative half cycle, and the charge balance maintains through the entire line cycle.
To transfer reactive power between ac grid and dc sources, the operation of the circuit becomes much more complicated. Based on the direction of the ac current and voltage, one ac line cycle can be divided into four regions, which is shown in Fig. 7 . Only the leg that conducts current is shown here for simplicity. In region 1, current is negative and voltage is positive. Leg a 2 and 
B. Unified Controller for Bidirectional Power Flow Control
In order to simplify the controller and at the same time stabilize the system during the mode transition, a unified controller is proposed. Fig. 8(a) shows that traditional way of two separate controllers: rectifier-and inverter-mode controllers. These two controllers can be merged into one, as shown in Fig. 8(b) .
From Fig. 5(b) and (c), when current is positive in the rectifier mode, the total voltseconds applied to the inductor L 1 over one switching period are as follows:
The duty cycle for switch a 1 can be derived as
where M = v pk /(V dc /2) is modulation index and sin ωt > 0. Similarly, the duty cycle for switch a 2 in the rectifier mode can be derived as follows:
The duty cycle for switch a 1 in the inverter mode can be obtained as
The duty cycle for switch a 2 in the inverter mode can be obtained as By changing the current reference from i ac * to −i ac * , the control output applied to d a 1 to conduct positive current will be used for d a 2 to conduct negative current and the control output applied to d a 2 to conduct negative current will be used for d a 1 to conduct positive current. One controller can be used to regulate current under both rectifier and inverter modes. 
where
The overall equivalent admittance can be represented as follows:
The reference active and reactive power command can be used to calculate I m and θ shown as follows:
The term Y 1 (s) is generated by active and reactive power command 
Equation (12) indicates that G c (s) is independent of converter transfer functions and proportional to the multiplicative inverse of the half dc-bus voltage V dc /2 and the PWM gain [26] , [27] .
In order to reduce the steady-state error at the fundamental frequency, or 60 Hz in the designed case, the QPR controller, which is shown in (13) , is adopted for the current loop controller, which can provide a high gain at 60 Hz without phase offset [28] .
where k p is a proportional gain, k r is a resonant gain, and ω c is an equivalent bandwidth of the resonant controller. The QPR controller is designed to have the following parameters: k p = 1.5, k r = 50, ω c = 10 rad/s, and ω o = 2π × 60 rad/s.
A proportional-integral controller, G vb (s) = k p + k i /s, is adopted to balance the voltage across the two dc-split capacitors v c 1 and v c 2 . k p is designed as small as possible to have less influence on the main control loop, and k i is designed to have large time constant. In this design, k p = 0.6 and k i = 60. The central controller has three main inputs: P ref grid and Q ref grid commands from the grid and SOC estimation from the battery pack. Assume 30%-70% SOC is the range for the battery pack to operate to have a longer life cycle. When P ref grid is too large and beyond battery pack's capability, SOC will take charge of the control. Otherwise, P ref grid will be taken as the control reference.
The inputs Max (SOC a, b, c, ) and Min (SOC a, b, c, ) of the central controller are used to limit the power in and out of the battery pack. In case the total SOC meets the power transferring requirement but the three battery modules are not balanced very well, then the maximum power transferred from battery pack to grid is limited by Min (SOC a, b, c, ) and the maximum power transferred from grid to battery pack is limited by Max (SOC a, b, c, ) . The inputs Max (SOC B a 1 , . . . , B a12 ), Min (SOC B a 1 , . . . , B a12 ), Max  (SOC B b 1 , . . . , B b12 ), Min (SOC B b 1 , . . . , B b12 ), Max (SOC B c 1 , . . . , B c12 ), and Min (SOC B c 1 , . . . , B c12 ) have the similar functions.
V. SIMULATION AND EXPERIMENTAL RESULTS
A. Converter Steady-State and Transient Waveforms
The 120-V battery pack only allows a maximum ac-line voltage 42 V rms with the use of dual buck-type inverter; therefore, a 1:4 ratio transformer is connected between the battery energy storage system and ac grid (120 V rms ) to provide required ac voltage and isolation. Figs. 12 and 13 show the simulation and experimental results under both rectifier and inverter modes for the bidirectional ac-dc converter, respectively. Fig. 12(a) shows the simulated inverter-mode current and voltage, which are in phase. Fig. 12(b) shows the simulated rectifier-mode current and voltage, which are 180
• phase shifted. Fig. 13(a) shows the experimental inverter-mode current and voltage, which are in phase. Fig. 13(b) shows the experimental rectifier-mode current and voltage, which are 180
• phase shifted. Fig. 14(a) and (b) shows the waveforms of reactive power flow. Fig. 14(a) shows current leads voltage by 90
• . Fig. 14 (b) shows current lags voltage by 90
• . Fig. 15(a) shows transient waveforms from rectifier mode to inverter mode in 40 μs with a SOC value of around 70%. Fig. 15(b) shows the transient waveforms from inverter mode to rectifier mode in 40 μs with a SOC value of around 70%. These waveforms show seamless energy transfer.
The experimental results match simulation results very well, and the bidirectional power flow capability of the proposed circuit and control system is well verified. Fig. 16 shows the experimental efficiency of the proposed converter under both rectifier and inverter modes. The efficiency peaks at 97.8% at 50-kHz switching frequency for both rectifier and inverter modes. Fig. 17 shows the experimental results when battery pack was repetitively charged to a SOC of 70% and discharged to a SOC of 30%. A wider window, for example, from 10% to 90%, may be used in an actual system. However, the lithium-ion batteries show longer life cycle with a lower depth-of-discharge (DOD). The charging and discharging battery current is set at 9.2 A, which is equivalent to 1.0 C (=9.2 A/2.3 A·h /4). The sampling rate of voltage and SOC is 2/s.
B. Battery-Pack Charging and Discharging Waveforms
C. Effectiveness of the SOC Balancing Control
The SOC balancing control is to keep each of the 12-unit SOC values in a module equal to the mean SOC value of the corresponding module. In the experiment, each unit consists of four parallel-connected cells except one unit is configured to have three parallel-connected cells. Thus, there is a 25% capacity mismatch inside the module. Fig. 18 shows the test results with SOC balancing and without SOC balancing. For the test without SOC balancing, all the 12 units are charged up to 100% SOC in the initial point. For 1-C discharging, the total time for discharging the module from 100% SOC to 0% is limited by the unit consisting of three parallel-connected cells, which is around 45 min. For 1-C charging, the total time for charging the module from 0% SOC to 100% is limited by the unit consisting of three parallelconnected cells, which is also about 45 min. For the testing with SOC balancing, the corresponding discharging and charging time are both 55 min. It can be concluded that the system with SOC balancing has 22% more capacity than the system without SOC balancing.
In actual system, a SOC window between 30% and 70% may be used to extend battery-cycle lifetime. For 1-C discharging without SOC balancing, the time for discharging the module from 70% SOC to 30% is around 18 min. The time for charging the module from 30% SOC to 70% is about 18 min. For the testing with SOC balancing, the corresponding discharging and charging time are both 24 min. It can be concluded that the system with SOC balancing has gained 33% more capacity than the system without SOC balancing when the SOC is between 30% and 70%. Without SOC balancing, lower capacity battery units in a battery module can be easily damaged with a higher DOD.
D. System Efficiency
For 1-C charging and discharging, the relationship between battery-pack voltage and SOC is shown in Fig. 19 . The arrows show the charging and discharging directions. The area 1 inside the curve is the relative losses when the battery pack is charged from 30% SOC to 70% SOC and discharged back to 30%. The losses consist of battery loss and BMS loss. The efficiency is 95.0% for the battery pack. The overall efficiency for the battery energy storage system consisting of battery pack with associated BMS and bidirectional ac-dc converter is 92.63%.
VI. CONCLUSION
In this paper, a high-efficiency grid-tie lithium-ion batterybased energy storage system was proposed. The system consisted of three subsystems, a LiFePO 4 battery pack and associated BMS, a bidirectional ac-dc converter, and the central control unit that controls the operation mode and grid interface of the energy storage system.
The designed BMS monitors and reports all battery cells parameters in the pack; these include cell voltage, temperature, and current. Based on these parameters, the BMS controller estimates the SOC and SOH of each battery cell in the pack. The SOC information is then used to control the active cellbalancing circuits to mitigate the mismatch among the seriesconnected cells. The SOC and SOH information is also used by the central control unit to determine the operating mode of the energy storage system. Using the proposed SOC balancing technique, the entire battery storage system has demonstrated more capacity than the system without SOC balancing. Under the charging condition from 0% to 100% SOC and discharging condition from 100% SOC to 0%, the use of SOC balancing technique has 22% more capacity. Under the charging condition from 30% to 70% SOC and discharging condition from 70% to 30% SOC, the use of SOC balancing technique has 33% more capacity.
The high-efficiency bidirectional ac-dc converter clearly demonstrated the feasibility of bidirectional power flow capability with the proposed control method. Since there is no shoot-through issue with the dual buck-type inverter, the power switches can switch at a high switching frequency to allow the passive component size reduction while maintaining high-efficiency operation. The implemented converter prototype demonstrated a peak efficiency of 97.8% under 50-kHz switching frequency for both rectifier and inverter modes.
Detailed operating modes and energy transfer mechanism have been described in this paper. Along with the admittance compensation, a QPR controller has been designed to significantly increase the loop gain at the fundamental frequency while maintaining enough phase margins. The proposed controller has been simulated and implemented in a field-programmable gate array (FPGA) based 1-kW prototype. Both simulation and experimental results match very well and validate the design features of the high-efficiency high-reliability converter. This single-phase converter can be easily extended to a three-phase converter by tripling the two-leg configuration and connecting the neutral points together. The converter not only can transfer active power, but also can transfer reactive power.
Experimental results have demonstrated that the proposed high-efficiency battery energy storage system effectively mitigates the mismatch among the series-connected cells and support reactive power flow and seamless energy transfer.
